INTRODUCTION
spectra of M-type stars (13). The recent observation of AlF in the atmosphere of a carbon star (14, 15) and the presence of HF in numerous red giant stars (16) also strengthen the Transition metal-containing molecules are of current interest because of their importance in astrophysics (1-3) and possibility that transition metal fluorides such as TiF, VF, and CrF may also be found. A positive identification of catalysis (4, 5) . Many theoretical calculations have been carried out, often with the goal of understanding the nature transition metal fluorides could provide a direct estimate of the fluorine abundance in stars. of metal-ligand interactions (6) (7) (8) . These molecules are also of importance in high-temperature chemistry.
To date only limited spectroscopic information is available on the halides of titanium. There are several low-resoluIn general the electronic spectra of diatomic molecules containing transition elements are very complex. Many tran-tion studies of the TiF (17, 18), TiCl (19-21), TiBr (22, 23) , and TiI (24) molecules. The spectra of these molecules sition metal elements have open d-shells which results in a high density of electronic states, and these states often have have been investigated in the visible region and a 4 P-X 4 S 0 transition has been tentatively identified between 380 and high multiplicity and large orbital angular momenta. The spectra are further complicated by spin-orbit interactions 440 nm. In particular there are two independent analyses of TiF bands in the region 380-440 nm. In one study Diebner and perturbations between the close-lying electronic states. The analysis of the spectra of transition metal-containing and Kay (17) observed the absorption spectra of TiF between 390 and 410 nm and proposed a ground state vibramolecules, however, provides valuable information about chemical bond formation and molecular structure. Surpris-tional frequency of 593 cm 01 , while in another study Chatalic et al. (18) obtained the same bands in emission and ingly, the spectroscopic properties of many transition metal halides are poorly known experimentally, particularly in proposed a different vibrational assignment with a ground state vibrational frequency of 607.1 cm 01 . Neither of these comparison with the corresponding oxides and hydrides.
The spectra of diatomic molecules containing 3d transi-two values for the vibrational frequency turn out to be correct. In these low-resolution studies the bands were classified tion elements are prominent in the spectra of cool stars and sunspots (2, 3, (9) (10) (11) (12) (13) (2, 3, 9) and Moser (25) for the isoelectronic VO molecule. However, the 4 P-4 S 0 assignment for this transition has been and sunspots (10) (11) (12) while TiH has been observed in the
questioned by Shenyavskaya and Dubov (26) for TiF and obtained, providing the first high-resolution spectroscopic data for all four spin components of the ground state of TiF. by Phillips and Davis (27) 29) and hydrides (30, 31) we have noticed that there is a one-to-one correspondence between the low-lying electronic
The TiF bands have been observed in two different experistates of transition metal hydrides and fluorides. The corre-ments: Fourier transform emission spectroscopy at the Naspondence between hydrides and fluorides is well known in tional Solar Observatory in Tucson, Arizona, and laser vaspectroscopy although it has not been much exploited. A porization spectroscopy at the University of New Brunswick, comparison of the available data for TiF (17, 18, 26) with Canada. The details for each experiment will be provided those for TiH (32) (33) (34) (35) suggests that the assignment of a separately. Zmbov and Margrave (39) . This work establishes the relative stability of TiF 2 and TiF 3 the rotational lines are too large for TiF. The weaker bands observed in the region 13 500-16 000 cm 01 , however, are through equilibrium measurements and provides an estimate of 136 { 8 kcal/mole for the dissociation energy of TiF. relatively free from overlapping and were readily identified as belonging to a single transition with the 0-0 band near The strong Ti-F bond improves the chances of forming TiF in stellar atmospheres, particularly in AGB stars. A Ti-F 15 033 cm 01 . This transition has been named the G 4 F-X 4 F transition by comparing the TiF and TiH energy level diabond length of 1.754 Å has been obtained for TiF 4 from an electron diffraction experiment by Petrov et al. (40) . Several grams as will be discussed below.
The emission from the furnace was focused onto the 8-unsuccessful attempts were made to record the ESR spectrum of TiF in rare gas matrices by DeVore et al. (41) and mm entrance aperture of the 1-m Fourier transform spectrometer of the National Solar Observatory at Kitt Peak. The they concluded that the ground state of TiF was most probably not a 4 S 0 as assigned previously (17, 18). spectra were recorded using silicon photodiode detectors and RG 645 filters at a resolution of 0.02 cm 01 . A total of six In the present paper we report on the observation of a 4 F-4 F transition of TiF in the region 14 000-16 000 cm 01 . scans were coadded in about 30 min of integration and the spectra had a signal-to-noise ratio of about 15:1. This transition has been assigned as the G 4 F-X
4
F transition based on the recent theoretical predictions of Harrison (38) The spectral line positions were determined using a data reduction program called PC-DECOMP developed by J. and on the experimental and theoretical information available for the TiH molecule (32-35). The rotational analysis Brault. The peak positions were determined by fitting a Voigt lineshape function to each line. The present spectra were of the 0-1, 0-0, and 1-0 bands of this transition has been Copyright ᭧ 1997 by Academic Press calibrated using the laser measurements (described in the following section) of a number of lines of the 0-0 and 1-0 bands of TiF. The molecular lines appear with a typical width of 0.07 cm 01 and the line positions are expected to be accurate to about {0.005 cm 01 . However, since there is considerable overlapping and blending caused by the presence of different subbands in the same region, the error in the measurement of blended and weak lines is expected to be somewhat higher. The apparatus used to create the TiF molecule in the molecular beam work has been described previously (43, 44); however, some details pertinent to this work will be given.
Laser Excitation Spectroscopy
region three groups of bands have been observed with the A titanium target in the form of a slowly rotating and high-wavenumber R heads at 14 383, 15 033, and 15 576 translating rod was ablated by about 6 mJ of 355-nm radiacm 01 ( Fig. 1) , assigned as the 0-1, 0-0, and 1-0 vibrational tion from a Nd:YAG laser. At the same time, a gas mixture bands, respectively. The next members in the D£ Å 01, 0, of 0.8% SF 6 seeded in helium was passed from a pulsed 1 sequences (the 1-2, 1-1, and 2-1 bands) could not be molecular beam valve into the ablation region. Vaporized identified because of their weaker intensity and overlapping titanium was entrained by the gas mixture and then expanded from the stronger main bands. The 0-2 and 2-0 bands could through a short expansion channel into a vacuum chamber, not be identified in our spectra because of their very weak producing a molecular jet.
intensity. In the 0-1 and 1-2 band region there is a weak TiF molecules are formed through reaction of the hot Ti head-like structure near 14 150 cm 01 but this band probably atoms with SF 6 and its decomposition products during the belongs to another transition. To lower wavenumbers there expansion process. About 5 cm downstream from the nozzle are additional weak heads near 13 230, 13 600, and 14 690 orifice, the molecules were probed with a tunable dye laser. cm 01 , which may be associated with the 14 150 cm 01 band. For low-resolution studies the laser was a Lumonics pulsed All of these bands are degraded toward lower wavenumbers dye laser, while for high-resolution spectra the laser was a (red degraded) and have weak R heads. Coherent 699-29 ''Autoscan'' cw ring dye laser. Laser-in-
The structure of each of these bands is very complex duced fluorescence was collected orthogonally to both the because of overlapping from different subbands. A Hund's molecular beam and the probe laser and imaged on a 0.25-case (a) 4 F-4 F transition consists of four main subbands m monochromator. Light passing through the monochroma-
, and 4 F 9/2 -4 F 9/2 , tor was detected by a cooled photomultiplier tube. The signal which are separated by three times the difference between was amplified, integrated, and sent either to a chart recorder the spin-orbit coupling constants of the upper and lower or to the computer controlling the Autoscan laser system. electronic states. The V-assignment in different subbands is DCM dye was used in both lasers to record spectra for the confirmed by the B eff values in the different spin components 0-0 and 1-0 bands of the were found to be well separated in the 1-0 band. Parts of the 0-0 and 1-0 bands are presented in Fig. 3 where the 1. Fourier Transform Emission Spectroscopy heads due to the four subbands in each band have been marked. These observations also suggest that the ground The TiF bands assigned to the G 4 F-X 4 F transition are located in the spectral region 13 000 to 16 000 cm 01 . In this state is a well-behaved 4 F state in which all of the four spin
Copyright ᭧ 1997 by Academic Press At first glance the spectra appear very complex and the lines belonging to the high-wavenumber subbands were the only ones to be clearly identified. However, a careful inspection of the spectra using a Loomis-Wood program provided the lines of all four spin components. The structure of each of the four subbands consists of R and P branches consistent with the DV Å 0 assignment. No Q branches were detected in any of the subbands (in FTS spectra) and no transitions which violate the Hund's case (a) selection rule DS Å 0 could be identified. This means that we are unable to directly determine any intervals between the spin components from the FTS measurements alone. V-doubling is not observed in any of the subbands as expected for a 4 subband R head at 15 032.8 cm 01 and the dye laser was scanned to higher wavenumber. In this way, a transition from the X 4 F 3/2 spin component to the G 4 F 5/2 spin component could be observed by monitoring the strong fluorescence back to the X 4 F 5/2 spin component. We were able to observe a signal when the laser was scanned 101.84 cm

01
(with an error of perhaps 10 cm 01 ) higher in wavenumber.
ANALYSIS AND RESULTS
The rotational assignments in the different bands were made by comparing combination differences for the common vibrational levels. Since no transitions involving DS x 0 were observed in the FTS spectra, the subbands of different spin components were initially fitted separately using a sim- Fig. 4 , clearly show the problem of overlapping
. lines from the different subbands. This was not a problem in the molecular beam work, Fig. 5 . Even in the closely spaced R-head region of the overlapping 3/2-3/2 and The lines from both FTS and laser measurements were ulti-5/2-5/2 subbands, we were able to resolve the lines. All mately combined and fitted simultaneously. The initial bandof the branches could be followed easily from the first lines by-band fit of different subbands provided similar constants out to about J Å 20.5 where the signal becomes too weak. for common vibrational levels, confirming the vibrational In all, data were recorded for the 3/2-3/2, the 5/2-5/2, assignments. In the final fit, the lines of all of the vibrational and the 7/2-7/2 subbands in both the 0-0 and 1-0 vibra-bands in each subband were combined and fitted simultanetional bands of the G 4 F-X 4 F system. R, P, and Q branches ously. The observed line positions for the different subbands were observed for these subbands.
of G 4 F-X 4 F are provided in Table 1 . For the transitions The transitions for the 9/2-9/2 subband were too weak in intensity to be recorded with the ring laser, presumably because the X 4 F 9/2 spin component lies three spin-orbit intervals above the X 4 F 3/2 spin component and therefore has only a small population in the molecular beam. The same population argument also leads us to believe that the lower 4 F electronic state involved in this transition must be the ground state. Given that the transitions from the X 4 F 9/2 spin component and from the £Љ Å 1 level for the ground state (the vibrational spacing is about 650 cm 01 ) are weak, even in the pulsed dye laser experiments, it is reasonable to assume that a low-lying electronic state such as the 4 S 0 state which is calculated to be 0.1 eV (800 cm 01 ) higher than the X 4 F state will not be populated in the molecular beam. As in the FTS spectra, no lines violating the Hund's case (a) selection rule, DS Å 0, could be recorded. However, it was possible to measure the spin-orbit interval between the X 4 F 3/2 and X 4 F 5/2 levels. This was accomplished in a pulsed laser experiment. Narrow slits were used in a small monochromator with a resolution of about {2 nm. The monochro- for which both laser and FTS measurements are available, attempt was made to fit all of the observed lines using the 4 1 4 matrix appropriate for Hund's case (a) 4 F state (Table  only the laser measurements are provided in this table. The rotational lines were weighted according to resolution, extent 4). A free fit of all the subbands was unsuccessful because of the effects of global perturbations. Note the large number of blending, and effects of perturbations. Badly blended lines were heavily deweighted. The effective molecular constants of effective rotational constants needed in the excited state in the empirical analysis (Table 3 ). The ground state case for the lower and excited 4 F states are provided in Tables  2 and 3, respectively. (a) rotational constants, however, were determined from a fit of the combination differences. In this fit the spin-orbit At a later stage in the analysis, a spin-orbit interval of 101.84 cm 01 was measured between the X 3 F 3/2 and X 3 F 5/2 spin com-parameter A was fixed to 33.95 cm 01 , a value determined from the observed spacing of 101.84 cm 01 (3A) between ponents from the laser excitation experiments. Therefore, an The detailed energy ordering as presented in Fig. 6 is In our previous studies of transition metal fluorides and probably not completely correct. However, we are suffihydrides we have noted a close similarity between the elecciently confident of the qualitative correctness of Fig. 6 In these equations A is the usual spin-orbit coupling con- obtain a ''true'' B e value. Using this algorithm for the X 4 F Å . The G 4 F-X 4 F transition is analogous to the 1-mm transition of TiH (42) . The similarity between the electronic energy levels of TiF, TiH, and Ti / has been discussed. More work, both experimental and theoretical, is necessary to straighten out the spectroscopy of the titanium, zirconium and hafnium monohalides. We have already started on this task by recording new infrared and near-infrared spectra of TiCl and ZrCl.
